Long-distance seed dispersal influences many key aspects of the biology of plants, including spread of invasive species, metapopulation dynamics, and diversity and dynamics in plant communities. However, because long-distance seed dispersal is inherently hard to measure, there are few data sets that characterize the tails of seed dispersal curves. This paper is structured around two lines of argument. First, we argue that long-distance seed dispersal is of critical importance and, hence, that we must collect better data from the tails of seed dispersal curves. To make the case for the importance of long-distance seed dispersal, we review existing data and models of long-distance seed dispersal, focusing on situations in which seeds that travel long distances have a critical impact (colonization of islands, Holocene migrations, response to global change, metapopulation biology). Second, we argue that genetic methods provide a broadly applicable way to monitor long-distance seed dispersal; to place this argument in context, we review genetic estimates of plant migration rates. At present, several promising genetic approaches for estimating long-distance seed dispersal are under active development, including assignment methods, likelihood methods, genealogical methods, and genealogical/demographic methods. We close the paper by discussing important but as yet largely unexplored areas for future research.
The checkered landscapes visible from the air vividly demonstrate that the world is a patchy place. The patchy nature of the landscape ensures that the populations of many plant species are spatially isolated from each other, often by hundreds of metres or more. For such species, seed dispersal represents the only way that populations can exchange individuals or colonize empty, but suitable habitat. Because most seeds move short distances (zero to a few tens of metres; see Howe and Smallwood [1982] and citations therein), it follows that unusual events that move seeds long distances are of critical importance. Despite its fundamental role in natural populations, relatively little attention has been paid to long-distance seed dispersal, and, in some instances, its significance has been strongly downplayed (Howe and Smallwood, 1982) .
We do not mean to imply that biologists have not been aware of the existence and potential importance of long-distance seed dispersal. For example, with his characteristic ability to identify the essence of a problem, Darwin (1859) argued that both adaptations for seed dispersal and accidental means of long-distance transport were likely to be of importance to plants. His interest in the spread of plant populations led him to make meticulous observations on how seeds could survive immersion in salty water, be transported in mud on the feet of vertebrates, or pass unharmed through the digestive system of birds. He supplemented such observations with logical arguments to show that while seeming to move little, plants possessed the means to establish new colonies at great distances from their birthplace. But, despite the work of Darwin and 1 Manuscript received 31 February 2000; revision accepted 17 March 2000. The authors thank Hans Damman and Jim Leebens-Mack for stimulating discussion about issues addressed in this paper and Jan van Groenendael, Ran Nathan, and David McCauley for helpful comments on an earlier version of this paper. This research was supported in part by NSF grant DEB-9726502 to D. J. Howard and M. L. Cain. 4 Author for correspondence (e-mail: mcain@nmsu.edu; Fax 505-646-5665).
others (e.g., Carlquist, 1966 Carlquist, , 1967 Sorensen, 1986) , long-distance seed dispersal has often been ignored or addressed by studies that are anecdotal in nature.
The lack of information on long-distance seed dispersal is unfortunate since such dispersal events influence many key aspects of plant biology, including population dynamics, evolution of populations, metapopulation dynamics, biological invasions, and the dynamics and diversity of ecological communities (Harper, 1977; Sauer, 1988; Hengeveld, 1989; Hanski and Gilpin, 1997; Hovestadt, Yao, and Linsenmair, 1999) . Although there have been recent and dramatic improvements in the estimation of parameters for local seed dispersal curves (Ribbens, Silander, and Pacala, 1994; Clark, Macklin, and Wood, 1998a; Clark et al., 1999; Nathan and Muller-Landau, 2000) , the same cannot be said of long-distance dispersal events. Indeed, because long-distance seed dispersal is very difficult to document directly, few even try to do so. This paper seeks to convey two specific messages. First, we argue that more effort needs to be directed toward quantifying long-distance seed dispersal, the so-called ''tail'' of the dispersal curve (see also Moody and Mack, 1988; Portnoy and Willson, 1993; Chambers and MacMahon, 1994; Dyer, 1995; Shigesada, Kawasaki, and Takeda, 1995; Collingham, Hill, and Huntly, 1996; Clark et al., 1998b; Higgins and Richardson, 1999) . To support this argument, we review the importance of the tail of the dispersal curve in a variety of contexts, placing special emphasis on the impact of long-distance dispersal on plant metapopulation dynamics. Second, we argue that genetic methods provide a broadly applicable way to monitor long-distance seed dispersal in plants. Although the use of genetic data to quantify dispersal is controversial and the methods are in flux (Bossart and Prowell, 1998; Waser and Strobeck, 1998; Whitlock and McCauley, 1999) , we think genetic methods provide one of few general approaches by which the tail of the dispersal curve can be estimated.
More generally, our intent in this paper is to urge research-[Vol. 87 AMERICAN JOURNAL OF BOTANY ers not to take a defeatist attitude toward long-distance dispersal. While we emphasize the use of genetics, other strategies also could be used to collect data from the tail of the dispersal curve (see the Discussion). Too often, we have read in print and heard in conversation that long-distance seed dispersal is ''too difficult to measure,'' which suggests that the tail of the dispersal curve cannot be quantified. Our view is that we cannot afford to give up so easily. If we are to make informed predictions on the likely outcome of habitat fragmentation, global warming, and other aspects of global change, we must collect current data on the tail of the seed dispersal curve.
THE IMPORTANCE OF LONG-DISTANCE SEED DISPERSAL
For the purposes of this paper, we consider a seed dispersal event to be of ''long distance'' if it is over 100 m. This simple operational definition suits our needs, but what constitutes long-distance dispersal may depend on the context at hand. Thus, it can also be useful to define long-distance seed dispersal in a relative fashion, as when a long-distance seed dispersal event is one that occurs in the upper 1% of seed dispersal distances calculated from an empirically estimated dispersal density function or kernel (see Turchin, 1998 ). We did not use a kernel-based definition in this paper since few existing data sets allow adequate characterization of the tail of the dispersal curve.
In this section, we review several aspects of the importance of long-distance seed dispersal. We begin with a discussion of seed dispersal data and models, and close with a consideration of situations in which the tail of the dispersal curve is central to understanding the phenomenon at hand (colonization of islands, Holocene migrations, global change). We discuss the importance of long-distance seed dispersal to metapopulation dynamics in the following section.
Seed dispersal data-Most plant seeds do not travel far, often only one or a few metres. The limited distances that most seeds travel is well documented for plants of all growth forms (Harper, 1977; Howe and Smallwood, 1982; Willson, 1993; Cain, Damman, and Muir, 1998; Cheplick, 1998) .
The restricted dispersal of most seeds leads to the expectation that plants often may be dispersal limited, that is, unable to disperse by seed to suitable habitat. As expected, many studies report evidence of dispersal limitation (Helliwell, 1975; Peterken and Game, 1984; Whitney and Foster, 1988; Primack and Miao, 1992; Fritz and Merriam, 1994; Matlack, 1994; van Dorp, Schippers, and van Groenendael, 1997; Brunet and von Oheimb, 1998; Bossuyt, Hermy, and Deckers, 1999; Corbit, Marks, and Gardescu, 1999) . In several of these studies, estimated migration rates (based on the occurrence of the farthest individual from a source population) of forest understory plants ranged from 0.0 to 2.5 m/yr (Matlack, 1994; Brunet and von Oheimb, 1998; Bossuyt, Hermy, and Deckers, 1999) . As noted by Cain, Damman, and Muir (1998) and Brunet and von Oheimb (1998) , these rates are so low that they cannot possibly account for the recolonization of northern temperate forests following the retreat of the glaciers. The discrepancy between estimated and observed migration rates is not surprising, since dispersal-limitation studies generally provide little information on long-distance dispersal events. Thus, while dispersal limitation is common on small spatial scales, results from these studies also (indirectly) highlight the importance of long-distance seed dispersal.
There are numerous ways that long-distance seed dispersal can occur (Darwin, 1859; van der Pijl, 1982; Janzen, 1984; Sorensen, 1986; Sauer, 1988; Chambers and MacMahon, 1994) . These include vertebrate dispersal (by adhesion or ingestion), wind dispersal of seeds (in updrafts and storms, or by secondary dispersal over the substrate), wind dispersal of plants (tumble-plant dispersal), and water dispersal. For several of these categories, long-distance dispersal can occur accidentally, as when seeds stick to the feet of vertebrates (Darwin, 1859) , are ingested by foliage-feeding herbivores (Janzen, 1984) , or are consumed and later released by a carnivore when it feeds upon an animal that ate fruit or seeds (Nogales, Delgado, and Medina, 1998) . Deliberate or accidental transport by people also can be an important mode of long-distance seed dispersal (Fries, 1969; Shigesada, Kawasaki, and Takeda, 1995) . See citations in Higgins and Richardson (1999) for further information on unusual forms of long-distance seed dispersal, such as that by resin-collecting, stingless bees.
Overall, what do existing data tell us of long-distance dispersal? In many cases, very little, other than it occurs and, by inference, must be important in some instances (as in Holocene migrations). Maximum seed dispersal distances on the order of 1-20 km have been recorded for a substantial number of plant species (Sauer, 1988; Cheplick, 1998; Nathan, 2000) . Examples of even longer seed dispersal distances are cited in the subsection below, Colonization of islands.
Although we know plant seeds can travel long distances, few data sets allow accurate characterization of the long-distance component of a seed dispersal curve (Portnoy and Willson, 1993; Higgins and Richardson, 1999) . Many attempts to quantify long-distance seed dispersal are hindered by the fact that the model-fitting process may be driven by the large number of short-distance dispersal events; this causes the tail of the dispersal curve to be estimated poorly. In addition, the central tendency (e.g., the mean) and the tail of a dispersal curve can vary independently (Portnoy and Willson, 1993; see Hamrick and Nason [1996] for genetic evidence consistent with this claim), which can cause additional statistical problems. Some of these difficulties are addressed by the ''mixture models'' discussed in the following section. Still lacking, however, are data sets that were collected under a protocol designed to maximize the chance of observing long-distance seed dispersal events. Thus, the study of long-distance seed dispersal is severely data limited.
Models of long-distance seed dispersal-Long-distance dispersal has caught the attention of modelers. In the past few years, models have been developed that focus on the role of long-distance dispersal in metapopulation dynamics, Holocene migrations, genetic differentiation of populations, biological invasions, global warming, habitat fragmentation, and competitive co-existence (Dyer, 1995; Shigesada, Kawasaki, and Takeda, 1995; Collingham, Hill, and Huntly, 1996; Malanson and Armstrong, 1996; Le Corre et al., 1997; Cain, Damman, and Muir, 1998; Clark, 1998; Clark et al., 1998b; Durrett and Levin, 1998; Holmes and Wilson, 1998; Higgins and Richardson, 1999) . The general conclusion to emerge from these mod-eling efforts is that long-distance dispersal is of critical importance. For example, Shigesada, Kawasaki, and Takeda (1995) and Higgins and Richardson (1999) demonstrate that long-distance dispersal events must be taken into account if we are to make accurate predictions on the rate of biological invasions. Similarly, Dyer (1995) demonstrates the importance of long-distance dispersal in the context of projected climate change, and Malanson and Armstrong (1996) show that longdistance dispersal events increase species richness in a fragmented landscape. As a final example, Le Corre et al. (1997) show that long-distance dispersal events influence the genetic differentiation of populations, leaving a genetic signature that is likely to persist for long periods of time.
Conceptually, many models that incorporate long-distance dispersal describe movement as a stratified process. In a stratified movement model, there are at least two different modes of dispersal, including one that leads to local, short-distance dispersal and one that leads to long-distance dispersal; this is an intuitive approach since seeds often are dispersed by more than one mechanism. Several of the papers cited in the previous paragraph characterize a stratified dispersal process with mixture models, in which different probability distributions are used to model local vs. long-distance dispersal. Mixture models provide a nice analytical framework for modeling longdistance dispersal (Turchin, 1998; Clark et al., 1999; Higgins and Richardson, 1999) . The mixture models of Clark and colleagues (Clark, 1998; Clark et al., 1999) and Higgins and Richardson (1999) are of particular interest because, unlike most other studies, the parameters that govern long-distance dispersal in these models were estimated from field data. These papers also illustrate how analytical (Clark, 1998; Clark et al., 1999) and simulation (Higgins and Richardson, 1999 ) models can be used to examine the importance of long-distance dispersal.
Colonization of islands-Long-distance seed dispersal is obviously essential for the colonization of islands. Indeed, studies of the colonization of islands provide evidence of the most impressive seed dispersal distances known. Ridley (1930) shows that plants with a broad range of dispersal modes, including those with no obvious means of long-distance dispersal, reached Krakatau in ϳ50 yr. To reach the Krakatau archipelago, the seeds of these species probably traveled 12-40 km from Java, Sumatra, and several smaller islands (Thornton, 1996) . Carlquist (1965 Carlquist ( , 1967 and Sauer (1988) describe numerous other examples of long-distance dispersal to islands. Islands separated by hundreds of kilometres from a source population are usually colonized by water-or animaldispersed plant species. For example, Sorensen (1986) reviews studies in which plant seeds were dispersed by water or animals for distances that ranged from 650 to 1540 km; no winddispersed plants or plants that lacked an obvious dispersal mechanism were found to have dispersed such long distances.
Holocene migrations-Seed dispersal distances of many woodland species are so limited that ordinary means of dispersal are not likely to have enabled them to move the hundreds or thousands of kilometres that they traveled during the Holocene. For example, many temperate forest woodland herbs are ant dispersed (Handel, Fisch, and Schatz, 1981) . Ants usually transport the seeds of such species Ͻ2 m; the maximum distance known is 35 m for Asarum canadense (Cain, Damman, and Muir, 1998) . Such limited seed-dispersal distances could not have led to the Holocene recolonization of northern forests. To illustrate this, we calibrated integrodifference equations (van den Bosch, Metz, and Diekmann, 1990; van den Bosch and Metz, 1996) with seed dispersal (Cain, Damman, and Muir, 1998) and demographic ) data for Asarum canadense. The models predict that A. canadense should have spread 53 km by ant-dispersal over the past 16000 yr. Since this species actually spread 450-1900 km, these results indicate that it did so by other means.
We draw two conclusions from data on seed-dispersal distances of forest understory species. First, long-distance seed dispersal events dominated the Holocene migrations of forest understory species. Second, for many of these species, a stratified movement model is appropriate: local movements occur by one mechanism (e.g., ant dispersal), but other mechanisms (e.g., accidental transport) are required for long-distance dispersal. Skellam (1951) , Birks (1989) , Hengeveld (1989) , Wilkinson (1997) , Clark (1998) , Clark et al. (1998b) , and many others also have emphasized the importance of long-distance dispersal for the Holocene migration of plants, usually for tree species. The studies of Clark and colleagues (Clark, 1998; Clark et al., 1998b) are particularly interesting in that they indicate that extreme long-distance dispersal values need not be posited for trees to have accomplished the rapid migrations inferred from the paleorecord. Their results are encouraging in that models which are based (in part) on seed dispersal data collected on a small spatial scale can be used to make accurate predictions on large spatial and temporal time scales.
Global change-Information on long-distance dispersal is needed to understand how global change is likely to influence life on Earth. For example, invasive species pose a threat to biodiversity in many regions of the world (Drake et al., 1989; Vitousek et al., 1997) . To predict the likely course of a given invasion, attention must be paid to the ability of the invasive species to disperse long distances (Shigesada, Kawasaki, and Takeda, 1995; Higgins, Richardson, and Cowling, 1996; Higgins and Richardson, 1999) . Similarly, modeling efforts have demonstrated that the predicted impact of various forms of environmental change depends greatly on whether long-distance dispersal events are included in the model (Dyer, 1995; Collingham, Hill, and Huntly, 1996; Malanson and Armstrong, 1996; Higgins and Richardson, 1999) .
Results from such studies suggest that predictions about global change will not be accurate if we do not have good estimates of the dispersal curve, including its long-distance component. Consider global warming models. As discussed in Pitelka and the Plant Migration Workshop Group (1997), most models of global warming either take a ''climate envelope'' approach, in which plant species are assumed to reach all areas of suitable habitat (e.g., Iverson and Prasad, 1998) , or they assume that no dispersal occurs. The latter is clearly wrong, but so is the former. To improve models of global warming and other aspects of global change, we must use realistic dispersal curves. In particular, it is important to collect data on current rates of long-distance seed dispersal. If we do not do this, and instead calibrate the tail of the dispersal curve with data from previous plant migrations (e.g., those for the spread of trees during the Holocene), we ignore the impact that recent, human-caused changes to the landscape may have had on the ability of plants to disperse long distances.
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SEED DISPERSAL AND PLANT METAPOPULATIONS
The metapopulation concept has emerged as a dominant paradigm for the description of natural populations (Hanski and Gilpin, 1997) . Following current usage (e.g., Hanski and Simberloff, 1997) , we define metapopulations broadly as a set of spatially disjunct populations linked by dispersal. Spatially disjunct populations of plants are often separated from each other by many hundreds of metres, while most plant seeds disperse far less than 100 m. Thus, the extent to which plant populations in a metapopulation are linked by dispersal will depend entirely on the extent to which long-distance seed dispersal occurs. A priori, then, we know that long-distance dispersal is important in plant metapopulations. Examples where long-distance seed dispersal is not only important, but essential, include species that lack dormancy and whose habitat either degrades in a predictable fashion (Valverde and Silvertown, 1997) or is subject to catastrophic forms of disturbance (Menges, 1990 ). For such species, long-distance seed dispersal is the mechanism by which suitable habitat is colonized, thereby enabling the metapopulation to persist despite the fact that individual populations are doomed.
The central importance of long-distance seed dispersal to plant metapopulations brings us immediately to a troubling issue: as discussed above, we know very little about longdistance dispersal in plants. Often, we also lack information on seed bank dynamics. Thus, it is common to know little about either of the two ways that plants can come to occupy empty but suitable habitat: dispersal through space (long-distance seed dispersal) and dispersal through time (dormancy). In addition, it can be difficult to document the extinction rate of local plant populations, due to the large spatial scale required for such studies. Thus, it is hard to measure parameters related to population extinction, seed dormancy, and seed dispersal in plants (but see van Groenendael, Ouborg, and Hendriks [1999] for a useful framework within which to estimate the relevant parameters). These difficulties help to explain why relatively few studies have analyzed the dynamics of plant populations within a metapopulation framework (Eriksson, 1996; Husband and Barrett, 1996) . Husband and Barrett (1996) argued that such challenges also represent a source of opportunity. We share this view. We find the metapopulation framework extremely useful for plants because it encourages us to face such difficult issues as longdistance seed dispersal, environmental heterogeneity over space and time, the role of seed dormancy, and the interplay between gene flow and local selection. For empiricists, facing such issues will require obtaining good estimates of the hardto-measure parameters mentioned in the previous paragraph; we discuss how this can be done for long-distance dispersal in the following section (The use of genetics to quantify longdistance seed dispersal) and in the Discussion. For theoreticians, facing the challenging issues raised by a metapopulation perspective will require examining how long-distance seed dispersal, seed dormancy, and other features of the biology of plants influence the results of metapopulation models. We elaborate on this point below, emphasizing the role of longdistance dispersal in spatially explicit models of metapopulation dynamics.
Spatially explicit models of metapopulation dynamicsMetapopulation models are increasingly used to examine both single species and community dynamics (Hanski and Gilpin, 1997) . To some degree, all metapopulation models are spatial, in that they are concerned with the dynamics of populations (patches) assumed to be spatially isolated from one another. But space is an implicit variable in many metapopulation models in that no attention is paid to the spatial arrangement of populations (Hanski and Simberloff, 1997) . Such models assume that dispersal is equally likely among all populations. In some instances, this assumption may be realistic at intermediate spatial scales (e.g., 200 m to 20 km; see Cain, Damman, and Muir, 1998) , but in general it is not realistic at either small or large spatial scales.
The urge to incorporate a more realistic portrayal of dispersal has led to the development of spatially explicit models that account for the spatial arrangement of populations within a metapopulation. Here too, there is a wide range in how much ''realism'' a given model incorporates. For example, Hanski and coworkers have constructed spatial models in which the probability of colonization decreases with the distance between populations (Hanski, 1994; Hanski et al., 1995; Wahlberg, Moilanen, and Hanski, 1996) . While spatially explicit, these models ignore features of the landscape that may have a critical impact on dispersal between populations and, hence, on colonization probabilities (Wiens, 1997) . Thus, Wiens and others have called for the development of metapopulation models that are embedded in the full complexity of the natural landscape; examples of this approach are described in Hanski and Simberloff (1997) and Wiens (1997) .
However constructed, spatially explicit models of metapopulation dynamics typically suffer from poor information on dispersal. This lack of information can limit the utility of highly detailed, spatially explicit models (Moilanen and Hanski, 1998) . Overall, results from metapopulation models, as well as the central importance of long-distance dispersal in actual plant metapopulations, indicate that predictive models of plant metapopulation dynamics must be calibrated with better information on long-distance dispersal.
THE USE OF GENETICS TO QUANTIFY LONG-DISTANCE SEED DISPERSAL
The thrust of our paper thus far is that good data on longdistance dispersal are essential but very scarce. Long-distance seed dispersal is inherently hard to measure directly, and there are at present no broadly applicable methods to collect the data that are needed to calibrate the tail of the dispersal curve. We think this problem can be solved by using genetic methods to document the extent to which plant populations are linked by long-distance seed dispersal.
Genetic estimates of dispersal usually are based on seedlings or later stages of development. When samples are taken in this manner, genetic estimates of dispersal reflect both the movement (dispersal per se) and establishment of seeds. As such, genetic estimates of seed dispersal curves usually provide a measure of ''effective seed dispersal,'' that is, dispersal plus establishment, not actual seed dispersal.
In many cases, what matters most is the joint dispersal and establishment of seeds, not the movement of seeds to locations in which they cannot establish. In other cases, however, it is clearly important to understand dispersal per se, as well as any factors that might cause an effective dispersal curve to differ from the actual dispersal curve. In cases where primary interest is on actual seed dispersal curves, seeds can be collected (e.g., in seed traps) and used to form either genetic or ecolog-ical estimates of dispersal. Genetic or ecological estimates of dispersal based on seedlings or later stages could also be constructed to determine whether effective dispersal curves differ from actual dispersal curves.
Marker data-A variety of genetic markers can be used to quantify the dispersal curve. As discussed by Hoelzel (1998) , Parker et al. (1998), Ouborg, Piquot, and van Groenendael (1999) and others, such markers include allozymes, DNA sequences, microsatellites, restriction fragment length polymorphisms (RFLPs), and DNA randomly amplified from the genome (e.g., RAPDs and AFLPs).
Flowering plants exchange genes among populations by the movement of pollen and seed. Only dispersal via seed directly affects colonization of new populations. Movement of both pollen or seed, however, leaves a genetic signature within and among populations. Therefore, estimating migration among plant populations from nuclear DNA, which is transferred via pollen and seed, may tend to overestimate seed dispersal. Because of this effect, estimation of the tail of a seed dispersal curve requires at least some use of markers inherited only through seeds.
For many flowering plants, the cytoplasmic organellar genomes (that is, mitochondrial and chloroplast DNA) are inherited only through seeds (Corriveau and Coleman, 1988) ; ideally, this form of inheritance should be confirmed through genetic analyses (Milligan, 1992) . In studies that have compared nuclear and cytoplasmic markers at the population level, nuclear markers moved more frequently than cytoplasmic markers (McCauley, 1994; Strand, 1997) . Use of a cytoplasmic genome raises several caveats. First, cytoplasmic genomes are haploid, thus analytical techniques that depend upon diploid genotypes cannot be used. Second, although cytoplasmic DNA contains many genes, these genes are inherited as a single locus. The variance around estimates of population structure and inferred migration rates typically increases as the number of loci employed decreases. As a result, dispersal estimates derived from cytoplasmic genetic markers may not be very precise. Nevertheless, because they are often dispersed only by seed, cytoplasmic markers are essential for genetic estimates of seed dispersal in plants.
In the remainder of this section, we review genetic estimates of plant dispersal rates; all the methods reviewed here assume selectively neutral markers. We evaluate the utility of these methods for quantifying the tail of the seed dispersal curve in the Discussion.
Contemporary estimates of dispersal-In this section we describe genetic methods that provide contemporary or shortterm estimates of dispersal among populations. A general advantage of this approach is that it provides data on current rates of dispersal, thus serving as the genetic analogue of an ecological mark-recapture study. A potential disadvantage of contemporary measures of dispersal is that they may fail to capture the rare events that form the tail of a dispersal curve.
Parentage analysis-Parentage analysis seeks to assign parents to members of a population or group of populations. These approaches either exclude possible parents based upon multilocus genotypes (Broyles, Schnabel, and Wyatt, 1994) , or they use a maximum-likelihood estimation procedure that assigns parentage probabilistically based upon multilocus genotypes (Roeder, Devlin, and Lindsay, 1989; Milligan and McMurry, 1993) . Methods based on parentage analysis can be extremely powerful and have been used to estimate immigration rate of pollen in plant populations (Ellstrand and Marshall, 1985) , seed migration (Meagher and Thompson, 1987; Schnabel, Nason, and Hamrick, 1998) , and patterns of local movement in animal populations (Prodohl et al., 1998 ).
An advantage of parentage analysis is that it uses genetic markers to document particular dispersal events, thus providing a relatively direct measure of dispersal. A disadvantage of parentage analysis is that the populations of interest must be sampled exhaustively so that all potential parents have equal chance of identification. As the number and size of populations under consideration increase, this requirement can become overwhelming in terms of the resources available to the researcher. In addition, parentage analysis is based on assumptions that may not hold in nature, such as (a) source populations are discrete (enabling one to have a nonarbitrary way to determine the allele frequencies of each source population) and (b) there is no linkage disequilibrium among the loci sampled.
Assignment methods-Assignment tests use allele frequencies in each potential source population to calculate the likelihood that a particular individual's genotype originated from each of the source populations (including the population in which the individual was initially sampled). The population in which the likelihood is highest is considered to be the population that produced the individual (Paetkau et al., 1995; Nielsen, 1997; Shriver et al., 1997; Waser and Strobeck, 1998; Roques, Duchense, and Bernatchez, 1999) .
A major advantage of assignment methods is that populations do not have to be sampled exhaustively. However, assignment methods are based on assumptions that may be violated in natural populations, namely that source populations are discrete, that there is no linkage disequilibrium among the loci sampled, and that these loci are each in Hardy-Weinberg equilibrium.
Long-term estimates of dispersal-In this section we describe genetic methods that integrate the results of many dispersal events over long periods of time. An advantage shared by all long-term estimates of dispersal is that they may be more likely than contemporary estimates of dispersal to capture the rare events that constitute the tail of the dispersal curve. A disadvantage common to long-term estimates of dispersal is that historical rates of dispersal may differ from current rates of dispersal. For example, increasing habitat fragmentation might reduce the ability of a species to disperse long distances, thus causing historical estimates of dispersal to overestimate the current tail of a dispersal curve.
F ST -based methods-Wright (1951) established the following relationship between population genetic structure and the apparent number of migrants exchanged per generation:
. In this equation, F ST , a measure of among-N mϭ1/4(1/F Ϫ1) e ST population genetic variance relative to the total variance, is inversely related to N e m, the effective number of migrants exchanged per generation. When using this approach to estimate migration, F ST (or one of its analogues) is calculated from patterns of marker genetic diversity and N e m is then determined from Wright's (1951) equation. F ST -based methods are often used to estimate migration (see reviews by Neigel, 1997, and Bohonak, 1999 (Bossart and Prowell, 1998; Whitlock and McCauley, 1999) , including: (1) the derivation of Wright's formula depends on assumptions that are false or that may not hold in many natural populations, such as (a) all populations have an equal and constant population size, (b) propagules are exchanged among all populations with equal probability, and (c) an equilibrium has been reached between gene flow and genetic drift; (2) N e m has poor statistical properties; and (3) in most instances, the effective population size (N e ) used in Wright's formula is much smaller than the census size, N, potentially resulting in an underestimate of actual propagule movement.
With information in addition to genetic marker diversity data, it may be possible to compensate for some of the disadvantages mentioned above. For example, it is possible to model the decay of a population system towards equilibrium using information on the history of the population system and the effective population size of the system (Strand, Milligan, and Pruitt, 1996; Strand, 1997) . Knowledge of the effective population sizes also may allow a simple conversion from ''effective'' to ''real'' migrants based upon the ratio of census to effective sizes within each population.
Likelihood methods-At least two likelihood-based approaches that estimate the amount of migration among populations from distributions of allele frequencies have been recently developed (Rannala and Hartigan, 1996; Tufto, Engen, and Hindar, 1996) . The main substantive difference between these two methods is that Tufto, Engen, and Hindar (1996) allow for arbitrary patterns of migration, whereas Rannala and Hartigan (1996) assume an island structure. Migration estimates derived from likelihood methods may provide less bias and reduced variance relative to estimates based on F ST (Rannala and Hartigan, 1996) . The likelihood methods developed to date do not assume that the system of populations are in migration-drift equilibrium, but they do assume that effective population sizes are equal or at least known through independent information.
Genealogical methods-Genealogical or coalescent approaches in population biology can be used to estimate many population-level characteristics including effective population size (Strobeck, 1983; Kuhner, Yamato, and Felsenstein, 1995) , population growth rate (Kuhner, Yamato, and Felsenstein, 1998) , and migration rate (Slatkin and Maddison, 1989; Beerli and Felsenstein, 1999) . For example, the method of Beerli and Felsenstein (1999) jointly estimates the effective size (N e ) of individual populations and the rate at which these populations exchanged migrants (m) in the past. The Beerli and Felsenstein estimator takes advantage of the genealogical relationships among alleles both within and among populations to estimate N e and m using a maximum-likelihood approach.
Genealogical approaches are very promising and offer several key advantages. Like the approaches based upon F ST or its analogs, genealogical approaches can use many different types of molecular data. Furthermore, in principle genealogical approaches can allow any model of population structure to be used in the estimation procedure. For example, the estimator developed by Beerli and Felsenstein allows for unequal population sizes and asymmetric migration rates. Relatively little is known about how robust genealogical estimators are to deviations from the assumptions used to derive the estimators; such assumptions include constant population size, constant mutation rate, constant migration rate, and a drift-migration balance.
Genealogical/demographic methods-A final means of estimating dispersal distributions involves joint analysis of demographic and genetic data. This method relies on the fact that the time to coalescence for a pair of alleles, and hence the degree of DNA sequence differentiation, depends on the demography of a population. Even for populations with complex demographic features, the expected coalescence times for alleles can be determined directly from life-table data (Orive, 1993) . Assumptions of the genealogical/demographic approach include constant population size, constant mutation rate, and constant migration rate.
Genealogical/demographic methods can be extended to estimate dispersal rates (Milligan, unpublished data) . As an illustration, consider a pair of populations interconnected by dispersal. A demographic projection matrix may be used to describe the demography of each population singly (Caswell, 1989) . Dispersal between the populations represents a demographic transition from a life-history stage in one population into a life-history stage of the other population. The pair of populations may therefore be described by a demographic projection matrix of greater rank (Caswell, 1989) , some elements of which reflect intrapopulation demographic rates (growth, survival, reproduction) and some elements of which reflect interpopulation dispersal. Given demographic information on each population, the former elements are known while the latter elements must be estimated.
DNA sequence data from alleles in each population can be used to estimate the projection matrix elements that represent interpopulation dispersal. Because coalescence time, and hence sequence divergence, depends on the demographic rates (Orive, 1993), one can determine dispersal rates that maximize the fit between the observed sequence divergence and that expected from the demographic model.
A joint genealogical/demographic approach offers several advantages. First, it is applicable to any set of populations that can be described by projection matrices. Second, unlike current implementations of other indirect genetic measures of dispersal rates, the fit between the estimation model and the observations can be tested. Although dispersal estimates are derived from the mean coalescence time, the demographic model provides a complete distribution of coalescence times, which can be compared for goodness of fit to the observed distribution of sequence divergence. The joint genealogical/demographic approach also allows one to perform a sensitivity analysis of the impact of dispersal parameters on the intrinsic rate of increase of both the metapopulation and each individual population. A disadvantage of the genealogical/demographic approach is the time and expense required to collect demographic data. Finally, like the Beerli and Felsenstein estimators described in the previous subsection, the robustness of joint genealogical/demographic estimators of dispersal rates is largely unknown.
DISCUSSION
As discussed throughout this paper, information about longdistance seed dispersal is crucial to understanding many aspects of the biology of plants, such as the dynamics of plant metapopulations, the spread of invasive species, and the response of plants to global change. Unfortunately, very little quantitative information about long-distance seed dispersal exists. A further complicating factor is that the ability of plants to disperse long distances can be expected to change over time. Seed dispersal events take place within complex natural landscapes. As those landscapes are fragmented over time, the ability of seeds to move long distances may be reduced. Thus, especially in the context of predicting how plants are likely to respond to global change, it is important to obtain current and ongoing measures of long-distance seed dispersal.
Seeds that travel long distances are inherently difficult to observe. We have argued in this paper that genetic methods can be used to provide data on the tail of the dispersal curve (see also Silvertown, 1991; Waser and Strobeck, 1998; Bohonak, 1999; Ouborg, Piquot, and van Groenendael, 1999) . However, genetics do not provide a simple, magic bullet with which to study long-distance seed dispersal. For example, it is necessary to use cytoplasmic DNA markers to separate gene flow by pollen from gene flow by seed, yet such markers may provide low resolution because they are inherited as a single genetic locus. In addition, what constitutes the best genetic approach will depend on the species under study and the research questions of interest. Finally, genetic methods for estimating the tail of the dispersal curve are still under development; while these methods are promising, much remains to be done. Thus, we cannot provide a simple recipe for how to apply genetics to the study of long-distance seed dispersal. Instead, in the following section we discuss how several promising approaches can be used to estimate the frequency with which seeds travel long distances. More generally, we urge a multifaceted approach: to quantify the tail of the dispersal curve researchers should use whatever combination of genetic and ecological methods allows them to collect the data they need for the species they are interested in.
Using genetics to estimate long-distance seed dispersalGenetic methods used to study dispersal can be subdivided into those that document current dispersal events only (contemporary estimates of dispersal) and those that document dispersal events over long periods of time (long-term estimates of dispersal). In the section The use of genetics to quantify long-distance seed dispersal, we discussed two contemporary estimates of dispersal, parentage analysis and assignment methods, and four long-term estimates of dispersal, F ST -based methods, likelihood methods, genealogical methods, and genealogical/demographic methods. Here we evaluate how useful current implementations of each of these approaches is for calibrating the tail of the dispersal curve; often it may be helpful to compare results from contemporary and long-term estimates of dispersal.
Parentage analysis can be used to construct frequency distributions of the distance that seeds or seedlings are located from their mother plants-including movements among populations-as illustrated by Schnabel, Nason, and Hamrick (1998) . However, parentage analysis requires that all potential parents be sampled, a requirement that quickly becomes overwhelming when studying many or large populations. Thus, at present we recommend this approach only for the study of few or small populations. As more rapid methods to process large numbers of samples are developed, parentage analysis will be useful in a broader range of applications.
Assignment methods show considerable promise for the study of long-distance seed dispersal. Based on a seedling's genotype, assignment methods determine the most likely population from which the seedling originated; this approach is similar to parentage analysis but is preferable in that it does not require the study populations to be sampled exhaustively. When used in conjunction with data on the number of seeds produced in different populations, assignment methods can be used to construct curves that plot the frequency with which seeds disperse (and establish) vs. distance. Current drawbacks of assignment methods include (a) only a single locus, the cytoplasmic DNA, provides a direct measure of seed dispersal among populations, and (b) little is known of how well assignment methods recover the dispersal curve (Waser, Strobeck, and Paetkau, 2000) . Despite these drawbacks, it is encouraging that in a study in which the population of origin of migrating individuals was known, assignment methods provided up to 90% accuracy when only a single genetic locus was used (Roques, Duchense, and Bernatchez, 1999) . In addition, nuclear DNA markers can be used in conjunction with cytoplasmic markers to help discern the population of origin of a given seedling. For example, if an assignment test based on nuclear markers strongly supports a single population as the most likely population of origin, then both the seed and pollen may have originated from that population. In contrast, if two populations are indicated as the most likely populations of origin, then one may be the population from which the pollen originated, the other from which the seed originated.
Of the four long-term estimates of dispersal, at present F STbased methods show relatively little promise for quantifying the tail of dispersal curves. Currently, F ST -based methods are hampered by unrealistic assumptions about the structure of populations, as well as by statistical problems in the estimation of migration rates (see the section entitled The use of genetics to quantify long-distance seed dispersal); in principle, many of these difficulties could be overcome by developing nonequilibrium estimates of migration from F ST .
The remaining three estimates of long-distance seed dispersal, likelihood methods, genealogical methods, and genealogical/demographic methods, hold considerable promise for estimating the tail of the dispersal curve. For each of these approaches, dispersal parameters can be estimated for broad classes of dispersal curves and different dispersal functions can be ''competed'' against each other to determine which provides a better fit to the data. Strictly genealogical methods estimate both dispersal parameters and N e from genetic data. In contrast, genealogical/demographic methods and likelihood methods estimate only dispersal parameters from genetic data. Thus, genealogical/demographic and likelihood approaches may provide more precise estimates of dispersal parameters than strictly genealogical methods, but any such increase in precision comes at the additional cost of collecting demographic data.
Alternatives to genetics-We have emphasized how genetics can be used to glean data on long-distance dispersal in plants. However, genetic data often do not allow direct characterization of a seed dispersal curve since it is usually seedlings (or later stages) that are sampled, not seeds. When seeds are not sampled genetically, genetic estimates of seed dispersal reflect both the movement (dispersal per se) and establishment of seeds. In such cases, genetic approaches provide an ''effective'' seed dispersal curve, not the actual seed dispersal curve. Hence, depending on the questions of interest, it may be help-[Vol. 87 AMERICAN JOURNAL OF BOTANY ful to use other methods alone or in conjunction with genetic analyses. We describe several alternatives to genetics here; see Turchin (1998) , Higgins and Richardson (1999) , and Nathan and Muller-Landau (2000) for more information.
Local seed dispersal events can be followed by using a variety of physical marking techniques to label individual seeds. These methods may not work well when attempting to track seeds that travel long distances, because of the rarity of such events and because it may be difficult to determine where the seeds land. However, marked or individually-released seeds can be used to estimate the parameters of mechanistic models, which in turn can be used to estimate the tail of a dispersal curve (Nathan and Muller-Landau, 2000) . Data on long-distance dispersal can be gathered by marking individual fruits. For example, Mack (1995) inserted tags into 700 fruits, 30 of which were recovered to document dispersal events of up to 1000 m. In some instances, alleles that have an easy-to-observe phenotypic effect and that are unique to plants from a known location can be used to tag individuals in much the same way that dyes or paints are used in standard ecological studies. Similarly, seeds produced by plants grown in an unusual chemical environment may carry a unique chemical signal. Chemical tagging methods that can be surveyed rapidly in the field have the potential to provide a broadly applicable way to mark and directly follow the movement of plant seeds from known release points. However, we are not aware of any published studies that have used chemical tagging to document long-distance seed dispersal.
With sufficient time and resources, seed-trap methods can be extended to provide information on long-distance seed dispersal events; these data could then be used to estimate the tail of the dispersal distribution (see Turchin [1998] for estimation procedures). In addition, data obtained from seed traps that cover an extensive area could be used in conjunction with statistical analyses that sought to test how large a tail was consistent with the seed-trap data (see Clark, 1998) .
Finally, it is often of interest to determine whether plants are dispersal limited, recruitment limited, or both. The general issue of dispersal vs. recruitment limitation can be addressed in a variety of ways, one of which is to compare actual and effective dispersal curves. Such a comparison could be done with genetic data alone, ecological data alone, or, perhaps most fruitfully, a combination of genetic and ecological data. For example, seeds collected in seed traps could be analyzed genetically and used to form genetic estimates of actual seed dispersal curves; of course, ecological estimates of actual seed dispersal curves can also be obtained from the same seed trap data. Effective seed dispersal curves could be estimated from genetic analyses on seedlings or later stages of development, or from seedling dispersion data (e.g., using the inverse method of Ribbens, Silander, and Pacala, 1994) . If substantial differences between the actual and effective seed dispersal curves are found, ecological experiments could be performed to uncover causes of these differences.
Directions for future work-The single most pressing need for future work is to collect better data on long-distance seed dispersal. If, as is likely, data from the tail of the dispersal curve remain sparse, curve-fitting can be difficult. However, there is a well-developed statistical literature on fitting the tails of distributions; see Portnoy and Willson (1993) , Turchin (1998) , and references therein.
We close by highlighting five other promising areas for future research.
Improve genetic estimates of long-distance seed dispersalAt present, we have selected assignment methods, likelihood methods, genealogical methods, and genealogical/demographic methods as promising genetic approaches from which to estimate the tail of the dispersal curve. However, for these and other genetic approaches, much work remains to be done. Most of the methods discussed in this paper are in early stages of development; all could be extended to include more realistic situations. Overall, analytical techniques have lagged behind the development of marker technology. Thus, there is a strong need to refine existing methods and to develop new ways to use genetics to collect data from the tail of the dispersal curve.
Apply long-distance dispersal data to real-life problemsThere is a great need for better dispersal data in many areas of applied ecology. For example, spatially realistic metapopulation models can be used to predict consequences of habitat fragmentation for the persistence of species. Predictions of spatially realistic models depend critically on how dispersal is modeled; thus it is imperative to collect data on the tail of dispersal curves and use them to examine metapopulation persistence. Similarly, an urgent question is whether plant species can migrate rapidly enough to keep up with projected global climate change. Data on long-distance seed dispersal can be used to answer this question on a species-by-species basis.
Develop new models of long-distance seed dispersal-In the past few years, a series of models has been developed to explore the consequences of long-distance seed dispersal (see The importance of long-distance seed dispersal: models of long-distance seed dispersal). However, much remains to be done. For example, little work has examined the impact of long-distance seed dispersal on plant metapopulation dynamics, either at the species or community level. In an evolutionary context, little is known about how long-distance dispersal influences evolutionary dynamics, such as the interplay between local adaptation and gene flow, or the formation and maintenance of different types of hybrid zones (but see Nichols and Hewitt, 1994) . In addition, much insight could be gained from models (and field work) that explore the underlying mechanisms of long-distance seed dispersal (see Nathan and Muller-Landau, 2000) . Finally, it is essential to analyze the effects of error on model predictions. Although estimates of parameters that describe the tail of dispersal curves will always contain significant error, little is known about to degree to which such error influences results from models (but see Higgins and Richardson, 1999; Mooij and DeAngelis, 1999) .
Compare how well different genetic methods recover longdistance dispersal events-If genetic methods are to be used to collect data on long-distance seed dispersal events, we will need a much better understanding of how robust the methods are to violations of the assumptions used to derive them. In addition, we need to understand how well the different methods perform under different sets of conditions. For example, assignment methods might work best when there is a high degree of genetic differentiation among populations (thus allowing maternal populations to be readily identified), yet when there is high genetic differentiation the rate of gene flow may be so low that the method fails to document the rare events that form the tail of the dispersal curve. To learn how such aspects of population structure affect the utility of genetic approaches for documenting long-distance dispersal, comparative studies on the performance of different genetic methods under a wide range of assumptions about the structure of populations and the nature of long-distance dispersal could be implemented with computer simulations. Document current rates of seed-dispersal evolution-Little is known about current rates of evolution of traits that affect seed dispersal. However, Cody and McC. Overton (1996) provide evidence that plants that colonized islands off the coast of British Columbia evolved reduced seed dispersal distances within 10 yr, presumably because selection favored individuals whose seeds were not lost in the surrounding ocean waters (see also Olivieri and Gouyon, 1997) . Results from this study should be viewed as preliminary since the heritabilities of the measured seed dispersal traits are not known and since some of the traits may have been under selection for features other than dispersal (e.g., observed increases in seed size might be due at least in part to selection for seedling establishment). Nevertheless, the implications of this study are potentially farreaching: if rapid evolution of reduced seed dispersal distances in fragmented landscapes is common, such evolutionary changes would make it less likely that plant species can persist as their habitat is fragmented or that they can migrate rapidly enough to keep up with global climate change.
